The Ministry of Shipping desires to revise the inland vessels' limit (IVL) notification based on scientific rationale to improve the safety of vessels and onboard personnel. The Mormugao port region extending upto the Panaji region has been considered for the pilot study. Measured wind and wave parameters off Goa have been analysed. AWS winds, moored buoy winds, NCEP re-analysed winds and NCMRWF winds are used as input to regional and local models. The wave model results are validated with measured significant wave heights and shows good comparison. The analysis indicates that the significant wave heights never exceeded 2.0m during the non-monsoon months. However, the wave heights during monsoon months exceeded 5.0m, and even upto 7.0m during extreme events. In order to draw the IVL lines, the local model has been set up 
Introduction
Information on winds and waves are very essential for activities such as exploitation of natural resources, ship-routing, design of harbours, breakwaters and jetties, loading and unloading of products to and from the vessels and navigation of different types of vessels in the coastal region. Until a few years ago, the lack of adequate reliable wind and wave data had been recognised as a major limiting factor to such activities along the Indian coast, including port and harbour regions.
The Ministry of Shipping desires to revise the IVL (inland vessels' limit) notification based on scientific rationale for the following reasons: area of operation of ports has been extended towards the offshore and (ii) new major and minor ports have been developed since 1972. One of the objectives of this initiative is to improve the safety of vessels and onboard personnel. This limit is necessary to prevent the damage to any vessel or loss of life. The port of Mormugao is formed by a breakwater and a mole. It provides 11 alongside berths and several mooring buoys. During the southwest monsoon, when pilots cannot embark, a launch will lead vessels from the breakwater head to a suitable anchorage. Anchorage may be obtained in depths of about 7m. Small vessels may anchor in Vasco Bay in a depth of about 4m.
The ebb stream sets strongly out of Mandovi river, but is weak at the anchorage off Aguada Head, where the flood stream is barely perceptible. The Mandovi river flows into the head of Aguada Bay. The bar at the Mandovi river mouth is subject to frequent change. During southwest monsoon, large breakers break across the bar and river mouth, and makes navigation in and out across the mouth very difficult.
The present work is primarily concerned with significant wave heights of the region off Mormugao port.
Measurements along with numerical wave modelling offer an effective way to contribute substantial information on wave parameters. AWS winds, moored buoy winds, NCEP analysed winds and NCMWRF winds are used as input to MIKE 21 -OSW and NSW models. The wave model results are validated with wave parameters measured using moored data buoys and directional wave rider buoys at different times.
Data and Methods
Wave data measured using directional wave rider buoy and moored buoys at various locations off Goa during different measurement periods are used to analyse the wave characteristics of the region. In order to get an overall picture of the waves off Goa, the wave data measured off Mormugao during February 1996 -May 1997 are analysed. The waves measured off Goa during May 2005 at two locations having water depths 25m and 15m are used to study the wave transformation and to analyse the effect of local winds on the generation of wind seas over the region. Moored buoy data, which consists of wind and waves, at deep water (2003) and Sudheesh et al (2004) were used NCMRWF and NCEP winds in MIKE 21 OSW to generate the offshore waves; however the comparison with measured wave parameters shows good match. It has been validated by Tolman (1998) to utilise the NCEP re-analysed winds in the offshore wave prediction models.
Offshore and nearshore wave modelling has been carried out using MIKE 21 OSW (Offshore Spectral MIKE 21 NSW is a stationary, directionally de-coupled parametric model. To take into account the effect of current, the basic equations in the model are derived from the conservation equation for the spectral wave action density. The model takes into account the effects of refraction and shoaling due to varying depth, local wind generation and energy dissipation due to bottom friction and wave breaking. The model also takes into account the effect of wave-current interaction.
The basic equations are solved using an Eulerian finite difference technique. The zeroth and the first moment of the action spectrum are calculated on a rectangular grid for a number of discrete directions. A oncethrough marching procedure is applied in the predominant direction of wave propagation.
The bathymetry for the regional model has been generated using ETOPO5 bathymetry data obtained from NGDC (National Geophysical Data Center, Colorado, USA), representing the best available bathymetry values spaced at every five-minute latitude / longitude. The model domain covers the region 5°S to 25° N and 45° E to 100° E and the domain is divided into 0.75° x 0.75° grid size. The depth values are provided at all the grid points.
The bathymetry for the local model has been generated using the water depths extracted from C-MAP electronic chart database of MIKE 21 for the domain extends from 15°18'N to 15°36'N and 73°36'E to 73°55'E. The grid spacing is 200m x 50m. The bathymetry data are with reference to WGS 84. The basic output of the model is significant wave height, wave period, wave direction and directional spread.
The wave model results are validated with wave parameters measured using moored data buoys and wave rider buoys at different times. The moored buoy data are available at every 10 min. interval and the model results were extracted at the point of location of the moored buoy for every 3h interval. Therefore, the buoy data were averaged for 3h to compare with the model results. The wave rider data available for every 20min., was also averaged fro 3h to compare with the model results.
The nearshore wave transformation has been simulated considering the measured wave parameters at 25m location as the boundary during 01 -21 May 2005. The significant wave height at 15m location has been extracted from the model results and compared with the measured data at this location.
Significant wave heights derived from different sources in and around the coastal region off Goa have been used to draw IVL limit as follows: (i) regions where significant wave heights (SWH) < 0.6m, (ii) regions where 0.6m ≤ SWH ≤ 1.2m and (iii) regions where 1.2m ≤ SWH ≤ 2.0m.
Results and Discussion
It has been found from the analysis of the AWS winds during May -September 2004 and April -May 2005 that the locally generated winds are prominent during pre-monsoon periods (April and May) and there exists diurnal variations in wind speed and direction due to sea breeze and land breeze systems. The winds during the southwest monsoon (June -September) are higher and it would generate the waves with larger wave heights.
It is evident from the comparison between NCEP reanalysis winds and measured winds off Goa, Kochi and Chennai that NCEP winds match closely with buoy winds, though at times they are marginally higher than the buoy winds.
The analysis of the waves measured off Goa during February 1996 -May 1997 shows that the significant wave height varies from 0.16m to 5.85m throughout the measurement period. Highest significant wave height of 5.85m and highest maximum wave height of 10.47m were observed in June 1996 when a monsoon depression was formed over Arabian Sea. The mean crossing period predominantly varied from 3 to 9s during the measurement period. Table 1 shows the monthly variations in the significant wave height and mean wave period off Goa during the measurement period.
In order to identify the wave characteristics off Goa, when the existence of sea breeze becomes predominant, the measured waves at 25m and 15m water depths off Mormugao during 1 -21 May 2005 and 6 -20 May 2005 respectively were analysed. Significant wave height varies from 0.56 to 1.26 m and 0.54 to 1.16 m, while mean wave period varies from 4.4s to 9.3s and 4.4s to 8.6s at 25m depth and 15m depth locations respectively. Wave transformation occurred due to refraction, shoaling and bottom friction is very evident from the analysis of the wave parameters at both the locations.
The influence of locally generated wind over the waves off Goa has been analysed by comparing the patterns observed in the distribution of wave heights and wave periods at 15m and 25m water depths. It has been observed that whenever the wind speed increases, wave height also increases, but wave period decreases; vice versa, when wind speed decreases. This is due to the super-imposition of wind seas, which is generated due to sea breeze, over the pre-existing swells. This shows the influence of locally generated winds over the wave characteristics of the region during pre-monsoon periods.
Wave spectra for 13 May 2005 (every 3h interval) plotted for understanding the wave transformation are shown in Figure 2 . Similar spectra were observed in all days of the measurement period. Two major multipeaks observed in the wave spectra at two different frequency bands can be attributed to wave trains coming from two different directions. This is a combination of short period wind seas generated due to local winds and the long period swells which are generated far away and propagating towards the region. Rao and Baba (1996) also observed the muti-peakedness and the diurnal variations in the wave spectra off Goa during a pre-monsoon period. Vethamony and Sastry (1986) also studied the multi-peakedness of the waves when there exists locally generated wind seas. It is evident from the close analysis of the local winds measured at coastal station and the wave spectra measured off Goa that the diurnal variations in the wave parameters are mainly due to the co-existence of locally generated wind seas over the pre-existing swells. Based on the distribution of significant wave heights off the region, the inland vessels' limit is revised. Figure 6 shows the typical significant wave height distribution off Mormugao Port during southwest monsoon. It is very clear that most of the regions are influenced by large monsoon waves having significant wave height greater than 2.5 m. Table 3 shows the statistics of the significant wave height exceeded 2.0m during southwest monsoon on various years of measurement. It shows the occurrence of the significant wave heights greater than 2.0m are higher during June -August. Table 4 shows the ranges of significant wave heights derived from available moored buoy data off Goa. The higher values of significant wave height are obtained during June -August in all years, though the highest value of 4.30m obtained in May 2001 due to extreme event prevailed in the region. In all other months, the significant wave heights are obtained below 2.0m. Hence it is very evident that Mormugao Port and Panaji coastal region are safe from large waves throughout the year except during June -August, where as larger waves can be expected if there exists any extreme events on the region.
Conclusion
The significant wave height values obtained from the nearshore wave model as well as wave measurements conducted off Goa during different years indicates that during non-monsoon months (October -May) and in September, significant wave heights do not exceed 2.0 m off the Mormugao Port and Panaji coastal regions.
During monsoon months (June -August), the significant wave height crossed 2.5m in most of the regions, hence the coastal operations would not be possible during the season. Based on the significant wave heights distributed over the region throughout the year, the inland vessels' limit is revised and demarcated. 
